We predict a new family of robust two-dimensional (2D) topological insulators in van der Waals heterostructures comprising graphene and chalcogenides BiTeX (X=Cl, Br and I).
Introduction
Topological insulators (TIs) are a new quantum state of matter that exhibits robust metallic boundary states inside the bulk energy gap. [1] [2] [3] [4] TIs have been discovered in many materials such as chalcogenides (e.g., HgTe 5, 6 and Bi 2 Se 3 family 7, 8 ) and oxides (e.g., BaBiO 3 9 ), and they have inspired great research interest in physics, chemistry and materials science 10, 11 to explore their promising potential for applications in spintronics, thermoelectrics and quantum computation. 3, 4 For example, the topological edge states of a 2D TI carry dissipationless current because of the robustness against backscattering, and this may lead to low-power consumption electronic devices.
TIs can also be realized at the interface between two different materials. For instance, InAs/GaSb quantum wells (QWs) 12, 13 were found to be 2D TIs due to the inverted order between the InAs conduction and GaSb valence bands. Recently more 2D TIs were also predicted in serval systems similar to InAs/GaSb QWs. [14] [15] [16] The existence of TI states in these systems requires an atomically smooth interface region, which presents a challenge to the experimental fabrication.
A heterostructure between two naturally layered materials tend to form a smooth interface connected by weak interlayer van der Waals (vdW) type interactions. Graphene-based vdW heterostructures have been fabricated recently, and they exhibit interesting properties and new phenomena. 17 Spin-orbit coupling (SOC) and superconductivity can be induced from one layer to the other via proximity effect at the vdW interface. For example, the hybrid structure of a single layer of Bi 2 Se 3 and a graphene layer possesses an inverted band driven by the strong SOC of the Bi 2 Se 3 layer, producing a 2D TI; 18 proximity induced superconductivity has been observed in the MoS 2 layer by NbS 2 , 19, 20 resulting in 1D topological superconductivity that is an ideal platform for realizing Majorana fermions for quantum computation applications. 21, 22 In addition, graphene-based TIs with sizable energy gaps are a long-sought goal since the advent of TIs. ? For this purpose, adatom deposition on graphene was proposed. [24] [25] [26] However, this method is usually vulnerable to non-homogeneous adatom coverage or induces unwanted electron doping. 24 In contrast, a vdW interface can avoid these problems. As a result, vdW heterostructures may hold great promise for designing new graphene based topological materials.
In this Letter, we explore a vdW heterostructure between the graphene and chalcogenide BiTeX (X=Cl, Br and I) monolayer using first-principles calculations, and we predict that they form a 2D
TI with an energy gap as large as 70 − 80 meV. The chalcogenide layer does not need to be a TI, and its role is to induce a strong SOC to modify the graphene Dirac bands. To maximize the proximity effect, the graphene layer is sandwiched between two BiTeX layers in a quantum well (QW) configuration, in which the graphene Dirac bands hybridize strongly with the Bi-and
Te-p states, resulting in a large energy gap. The interplay between these two materials in the QW produces a nontrivial band structure with a topological invariant Z 2 = 1, and the nontrivial topological state is further confirmed by an explicit demonstration of the presence of gapless edge states from our calculations. External pressure within the experimentally accessible range can further increase the energy gap up to more than 100 meV. The atomic configurations of QWs (e.g., the layer stacking sequence and thickness) also influence the resultant electronic properties.
Methods
First-principles calculations based on the density functional theory (DFT) were carried out using the Vienna Ab Initio Simulation Package (VASP). 27 The exchange correlation interaction was treated within the local-density approximation (LDA). The QW is periodic in the xy plane and separated by at least 10 Å along the z direction to avoid the interactions between adjacent QWs.
All the atoms in the unit cell are fully relaxed until the force on each atom is less than 0.01 eV/Å. Results and discussion In the QW structure a graphene layer is sandwiched between two BiTeI slabs, as shown in Figs. 1(a) and 1(b). Here we choose the BiTeI monolayer as the cladding layers of the QW structure. BiTeI, but it is not expected to affect our main conclusions. While graphene has a single atomic layer structure, the BiTeI layer lacks inversion symmetry with its three-atomic-layer stacking in a sequence of I-Bi-Te along the z axis. Due to the strong covalency and ionicity of the Bi-Te and Bi-I bonds, respectively, the triple layer possesses an intrinsic polar axis along the z direction. Despite the strong chemical bonding within each triple layer, the adjacent triple layers are only weakly coupled via the vdWs interaction. 30, 31 Since the two surfaces of the BiTeI layer are terminated with different atoms and the stacking patterns between the graphene and BiTeI layers can vary, it is crucial to first determine the most stable configuration of teh QW structure. To achieve this goal, the problem is divided into two steps. We first check the stacking preference of a bilayer structure containing one BiTeI layer and one graphene layer within two models (see Figure S1a In all these cases, the atoms of the BiTeI layer adjacent to the graphene layer are all located at the hexagon centers due to the lowest energy.
The total energy of the I-Bi-Te-C-Te-Bi-I configuration is found to be 60 meV lower than the TeBi-I-C-I-Bi-Te configuration and 26 meV lower than the Te-Bi-I-C-Te-Bi-I configuration. In the following, we focus our investigations on this most stable QW structure, which is shown in Fig.   1 (a) and 1(b). For brevity, the BiTeI/Graphene/BiTeI QW will be labeled as BiTeI/Graph in the following discussions. It should be noted that this QW possesses structural inversion symmetry between the two cladding slabs, which avoids the Rashba splitting of the graphene bands . 32 To set a benchmark for comparison, we first establish the electronic band structure for the graphene and BiTeI double layers without introducing a coupling between them. The calculated results are shown in Fig. 2(a) . The freestanding graphene layer with a √ 3 × √ 3 supercell has two Dirac valleys at the K and K points that are folded onto the Γ point in the Brilloun zone with a zero gap. The BiTeI double layer exhibits an indirect band gap of 0.72 eV with significant Rashba SOC splittings in both the conduction and valance bands. 30, 31, 33 These results are consistent with previous reports. 34 When the graphene layer is sandwiched between two BiTeI layers, the band structure of the QW is basically a superposition of the two constituent components when the SOC is not included. The low energy region of the graphene band structure near the Fermi level retains a linear band dispersion. The Dirac fermions, however, is no longer massless since a small band gap of 8.7 meV has opened up (Fig. 2b) by the intervalley scattering caused by the substrates. 35 Only in energy regions far away from the Fermi level, there are more significant band hybridizations.
For instance, in the valance band around -0.6 eV, a band state from the hybridization of the C p z with the Te-5p and I-5p of BiTeI appears. The strong spin-orbit interaction and the associated Rashba effect in BiTeI lead to significant band splitting, and they are also expected to strongly influence the electronic properties of graphene and the interaction between the graphene and BiTeI layers through proximity effect. 36 Our calculations verify these expectations. With the SOC switched on, the Dirac bands of the graphene layer remain inside the gap of the BiTeI slabs, but there is a band splitting near the Fermi level, which is attributed to the fact that the induced SOC by adjacent BiTeI slabs has an effective repulsive interaction for the folded Dirac bands at the Γ point. As a result, the conduction bands of the BiTeI layers are significantly shifted downwards (the blue dots in Fig. 2c ), and these bands hybridize there is only a slight contribution from the BiTeI layers (see the inset in Fig. 2c ). The influence of the BiTeI layers remarkably increases the intrinsic SOC of graphene, which brings the two Dirac cones into close proximity and then reopens the gap after inducing a band inversion. It produces a topological phase transition in the graphene layer, rendering it a true 2D TI. The opened nontrivial band gap reaches up to 70 meV, which is well above the energy scale of room temperature 7 and represents a four-orders-of-magnitude enhancement over the intrinsic gap of pristine graphene. 37 While the BiTeI layers play a key role in generating the proximity enhanced TI band gap in the graphene layer, most of the electronic bands near the Fermi level are from the graphene layer itself, making the QW structure a desirable system for study of the quantum spin Hall (QSH) effect in graphene. The fundamental TI nature is captured by the parity of the electronic states measured by the Z 2 index due to its structural inversion symmetry, with four time-reversal invariant points in the 2D Brillouin zone (BZ), namely one Γ (0, 0) point and three M (0.5, 0) points, where the coordinates are in units of the in-plane reciprocal lattice vectors. The Z 2 topological invariant is calculated by the product of parity eigenvalues for all the valence bands following the Fu-Kane parity criteria. 38 The total parity product at the Γ and M points is "−", thus confirming that the QW structure is a 2D TI with a Z 2 index ν = 1.
Since the enhanced SOC in graphene is induced by the proximity effect, i.e., the hybridization between the graphene and BiTeI layers, it is expected that a reduction in the interlayer distance would lead to further enhanced SOC. In experiment, this can be achieved by applying a compressive pressure perpendicular to the QW surface. To verify this scenario, we have simulated the effect of compression by reducing the distance between the outmost iodine atom and the graphene layer, and then relaxing the structure while fixing the z coordinates of the two outmost iodine atoms (see the inset in Fig. 3 ). The definition of the applied strain of the BiTeI/Graph QW is the relative distance change between the two outmost iodine atoms over the thickness of the QW. The compression pushes the layers in the QW structure closer, which, in turn, enhances the hybridization between the BiTeI and graphene layers. Results in Fig. 3 show that the nontrivial band gap ∆ The nontrivial band structure in the present vdWs heterostructure QW with or without the external compression is considerably larger than those in previously realized QSH systems such as HgTe 5, 6 and InAs/GaSb 12, 13 QWs. This result points to a feasible and promising approach for new 2D TI design.
The thickness of the BiTeI cladding layers in the QW structure may affect the electronic properties and band topology due to the presence of the dipole at each side. To address this issue, we have studied the effect of muliti-layers of BiTeI on the electronic properties of the QW (see Supporting Materials). When one additional BiTeI layer is added on each side, the dipole effect causes a significant upward shift of the BiTeI valance bands, which is similar to the situation at the [0001]
ZnO surface. 39 For such double-layer BiTeI/Graph QW, the parity product of all the valance bands at the four time-reversal invariant points in the 2D BZ is unchanged at Z 2 =1, although an "M"-shaped state forms near the Γ point. The gap at the Γ point is reduced to 12 meV as a result [ Fig.   S2(a) ]. When a third BiTeI cladding layer at each side is added, the upward shifted BiTeI valance bands hybridize with the graphene conduction bands, and the above physical picture regarding the SOC enhancement is no longer valid.
We have performed calculations to examine the topological edge states on the boundary of the QWs since these are the characteristic features and direct evidence of the 2D TI and QSH states. Using tight-binding parameters based on the Wannier orbitals extracted from the DFT calculations, we constructed a model ribbon structure of the BiTeI/Graph QW that is 50-BiTeI-unit wide. The graphene layer exhibits an armchair-type structure on the boundary of the ribbon. The band structure was obtained by a direct diagonalization of the tight-binding Hamiltonian of the The DFT calculations (LDA or GGA) are known to usually underestimate the band gap. To address this issue, we have performed additional calculations for BiTeI/Graph QW using hybrid functionals (HSE06), and obtained almost identical (to the LDA results) electronic band structure, especially the band gap value and band topology. This is attributed to the fact that the nontrivial gap opening in the QW is caused by the greatly enhanced SOC from the proximity effect that is driven by the relativistic effects, which is insensitive to the choice of the exchange functionals. It indicates that our LDA calculations can capture the main physics underlying the topological nature of the BiTeX/Graph QWs.
The unique topological features of the electronic band structure of the BiTeX/Graph QWs un- Dirac states from graphene and 1D Dirac edge states from the 2D TI, thus offering an unique Dirac transport system, which can be exploited for innovative applications.
Finally, we comment on possible fabrication routes for the proposed TI QW, which are formed between graphene, which has a 2D planar structure, and BiTeX, which has a trilayer structure, and they couple through weak vdW interactions. Ultrathin layered BiTeX may be obtained by mi-cromechanical cleavage and exfoliation methods. 40 A feasible approach to large-scale production of the vdWs heterostructures may involve growing individual monolayer graphene on catalytic substrates, then isolating and stacking with exfoliated BiTeX layers. This route has already been proved to be scalable. 41 An alternative way is to grow graphene on the BiTeX surface, or grow BiTeX using graphene as a substrate, and the feasibility of this approach is supported by the successful fabrication of graphene/Bi 2 Se 3 heterostructures using vapor-phase deposition and molecular beam epitaxy techniques. 42, 43 In summary, we show by first-principle calculations that BiTeX/Graph (X=I, Cl, Br) QWs was partially supported by the DOE through the Cooperative Agreement de-na0001982.
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